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ABSTRACT
The high temperature creep behavior of poly- 
crystallihe SrZrC^ is investigated. Creep specimens 
were prepared from sintered powder compacts containing 
Fe2 0 3  additions of 0.85 wt.$ and 1.35 wt.$ to accelerate 
sintering and densification. A high temperature x-ray 
investigation showed no change in the structure of 
SrZrOg over the temperature range 25°C to 1300°C. 
Specimens varying in grain size from 0.45 ym to 2.04 um 
were creep tested in air between 1160°C and 1350°C at 
stresses of 1000 psi to 4000 psi under four-point, 
dead load conditions. Only the specimens containing 
1.35 wt.% Fe2 0 3  sintered to near theoretical density 
(99$) and exhibited a relatively stable creep behavior 
from which the various creep parameters were deter­
mined. An activation energy of 169tl0 kcal/mole, and 
a dependence of creep rate upon the stress cubed and
o 2
reciprocal of the grain size, i.e., C ^ O v d ,  was 
determined for the creep process in SrZr0 3 . This is 
consistent with the nonviscous creep model developed 
by Weertman and modified by Garofalo for grain size 
effects, in which the controlling mechanism is dislo­
cation generation and climb. It is proposed that 
deformation occurs in SrZrC^ principally through mecha­
nical twinning, which Cottrell and Bilby show to be a 
dislocation mechanism.
-x-
I INTRODUCTION 
The principal limiting factor in the more wide­
spread use of ceramics as an engineering material is 
susceptibility to brittle fracture. Although all 
ceramics will show a finite plasticity at sufficiently 
elevated temperatures, they are known as a class of 
materials that displays no plasticity at normal 
temperatures. In examining matrix materials for metal 
fiber reinforced ceramics, Tinklepaugh et. al.^ ob­
served that hot pressed and sintered polycrystalline 
strontium zirconate (SrZrOg) displayed a measurable 
yield when stressed at room temperature. Figure 1 
shows the typical room temperature stress-strain curve 
exhibited by SrZrOg. The curve shows a non-linear 
behavior, a remnant strain upon removal of stress, and 
an increase in the stress level results in an in­
creased remnant yield up to the fracture stress. 
Although this cannot be viewed as ductility in the 
classical sense, because of the small extent of the 
plastic strain (~ 8 x 10 in/in at fracture), and 
the lack of a measurable yield point, the plastic 
deformation phenomenon in a ceramic oxide must be 
considered very significant. An intrinsic yield 
offers increased thermal shock resistance, and in many
-1-
high temperature applications spalling and abrasion 
problems would oe accordingly alleviated. For 
applications in metal-ceramic composites, mechanical 
compatibility with a wider range of materials and 
over a larger temperature range would be enhanced 
becau'se unequal thermal expansion coefficients would 
no longer be the limiting factor.
In view of the advantages associated with the
yield characteristic of SrZrC>3 , and the various
possibilities this ceramic may offer as a high
temperature engineering material (melting point, 
n 2 32850°C * ), it was decided to undertake an investi­
gation of the high temperature creep behavior of 
sintered powder compacts for the purpose of charact­
erizing its properties and determining the probable 
deformation mechanism. Creep rate information is 
obtained using the four-point transverse bending 
test. In this investigation the effect of micro­
structure (grain size), stress, and temperature on the 
creep rate is determined, and the results obtained 
are examined in the light of the several creep 
mechanisms proposed for ceramic oxides.
-2 -
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Figure 1
Room Temperature Stress Strain Behavior 
of Hot Pressed Commercial SrZrOg
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II LITERATURE REVIEW
DEFINITION OF CREEP
Creep is defined as the time-dependent inelastic 
deformation of materials. Typical isothermal creep 
curves are shown in ^igure 2. It is observed that 
both temperature and stress similarly affect the shape 
of the curve, which is generally divided into four 
stages. Stage I is the instantaneous elastic strain 
that occurs upon loading. Stage II is referred to 
as the primary or transient creep because of its 
decreasing creep rate. Stage III, termed the second­
ary or steady state creep, describes the region of 
relatively constant creep rate, and Stage IV refers 
to the increasing creep rate leading to fracture 
known as tertiary creep.
Th' steady state creep region is of particular 
interest because (at low creep rates) the largest 
creep occurs in this region , and also, because the 
steady state characteristics facilitate the develop­
ment of definite, quantitative models. Most of the 
literature on creep is directed to the investigation 
and formulation of the steady state creep process.
EMPIRICAL TREATMENT OF CREEP
The first attempts to understand the creep
-4-
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process began by determining time functions for the 
primary and secondary stages. Mathematical functions 
were empirically obtained relating strain (£ ) and 
time ( t ), and usually took the form
£  “ £ 0 +yfitm + K.st, (1)
where £c is the instantaneous elastic strain, and m 
are time-independent, empirically determined constants, 
and K is the steady state creep rate. Equation ( 1 )o
provided the logical first step in developing an under­
standing of plastic deformation phenomenon at elevated 
temperatures.
A more profound understanding of the creep process 
can be arrived at only by the development of a pheno­
menological theory of creep rate and atomistic models 
for the creep mechanisms consistent with the pheno­
menological description. It is generally assumed that
if several (say n) mechanisms contribute tc the creep 
o
rate, £ , it can be expressed by the general relation
€ = 22 F . (<r ,T ,s ) ,  (2)
l
where represents the functional relationship between 
the stress (CT ), temperature (T), and structure factor 
(S) for a specific (ith) creep mechanism. The structure 
factor is a function of grain size, porosity, dislocation 
density, and other physical and geometrical characteristics 
affecting the mechanical behavior of the aggregate.
-6-
Porosity and substructure are generally assumed constant 
however, so that (S) is essentially expressed by the 
effect of grain size (d). If it may be assumed that the 
effects of stress, temperature, and structure are mutually 
independent, then the creep rate can be described by an 
equation of the form
e
€  = fx(cr )f2(T)f3(d), (3)
where fi(O') is a function of stress, f2 (T) a function 
of temperature, and f3 (d) a function of structure (grain 
size). Thus, if Equation (3) is valid the effects of 
stress, temperature and structure may be separated from 
the creep rate data. The temperature effect is most 
easily determined, for all creep stages exhibit thermally 
activated processes, expressed through the exponential 
factor e-^H$/kT^ where AHi is the activation energy for 
the controlling mechanism and k is Boltsmann*s constant.
The activation energy obtained from the usual Arrhenius 
treatment of the creep rate data is generally compared to 
known activation energies for vacancy or ion diffusion, 
grain boundary motion, etc. to construct a creep model and 
specify the controlling mechanism for the creep process.
The various theories to account for the stress and grain 
size dependency of creep rate will now be reviewed briefly.
-7-
SPECIFIC CREEP MODELS AND THEORIES
A. VISCOUS CREEP
(1) Reaction Rate Theory
The theoretical work on creep was influenced by
4
the work of Glasstone, Laidler, and Eyring on the
phenomena of viscosity, plasticity, and diffusion in 
♦
viscous fluids. The Reaction Rate Theory assumes that 
rate processes (including flow) can be characterized 
by an initial configuration passing through some 
intermediate configuration, known as an activated 
complex, to arrive at the final configuration. Acti­
vated complexes are assumed to be in thermodynamic 
equilibrium with the initial reactants and that they 
behave as ordinary molecules with the exception that 
one classical degree of freedom (e.g. vibrational) is 
substituted for by a translational degree of freedom 
along the "reaction coordinate" path. The rate of 
the reaction is determined by the rate at which the 
activated complexes move across the top of the energy 
barrier.
Kausman^ used the Reaction Rate Theory in an 
attempt to describe the steady state creep process. 
Kausman assumed that"units of flow", which are vaguely 
defined as elementary structures within a solid, move 
past one another constituting the shear process. This
-8-
movement can be accomplished only by activating the
$
units of flow over an energy barrier (&H). The 
shear rate is then expressed as
€ «AV/l, (4)
where \> is the "jump" frequency for the flow units 
separated by the distance 1, and is the jump dis­
tance. Kausman assumed that the activation energy 
for motion in the direction of shear was lowered by 
an amount proportional to the applied shear stress 
(O') and derives for the creep rate*
I  = (5)
where ^2^3 the projected cross-sectional area of 
each unit of flow in the shear plane, Ais the average 
distance moved in one jump by the flow unit, and h is 
Planck’s constant. The term C r ( ^ ^ 3 ) represents the 
work accomplished in carrying the flow unit from the 
initial to the final state. As the strain rate is 
proportional to the applied stress it is referred to 
as viscous or Newtonian flow.
The principal advantage of the Reaction Rate 
Theory as applied to the phenomenon of creep is in 
its elegance; however, the Kausman model of creep has
the limitations that neither the activated volume
nor the specific activation process (measured
•fc \as A H  ) can be clearly defined.
-9-
(2) Nabarro-Herring Theory
A creep mechanism resulting from the stress* 
directed diffusion of vacancies was originally proposed 
by Nabarro and subsequently developed in more detail
7
by Herring. The Nabarro-Herring model is applicable 
to polycrystalline systems, and differs from most other 
creep processes in that no dislocation motion is in­
volved. Thus the model may be applied to polycrystal­
line systems in which the grains contain no dislocations, 
or where dislocation motion is effectively blocked.
Grain boundaries are regarded as regions of dis­
continuity and serve as sources and sinks for vacancies. 
An individual grain is considered to be acted upon by 
a system of normal stresses as shown in Figure 3. It 
is noted that application of a tensile stress will 
decrease the energy required to form a vacancy, and 
accordingly a compressive stress will increase that 
energy. Faces AB and DC will have a vacancy concen­
tration proportional to where jTL is the vacancy
volume, and the faces AD and BC will have a vacancy 
concentration proportional to e“^ ’^ ^ .  Thus a vacancy 
concentration gradient is established in a direction 
colinear with the applied tensile stress, and a flow 
of vacancies will occur to relieve the inequality of
-1 0 -
<r
A
D
B
1
cr
Figure 3
Schematic diagram showing 
vacancy flux imposed by 
tensile and compressive stresses
-1 1 -
pressure as shown (curved arrows. Figure 3), leading 
to a grain elongation in the direction of the tensile 
stress. Three stages are involved in the stress 
directed diffusion model for creep; the formation of 
a vacancy in the grain volume near the grain boundary 
under the positive stress, its migration to a boundary 
where the stress is negative, and the annihilation of 
the vacancy at the boundary. The assumption is made 
that the generation and annihilation of vacancies is 
rapid compared to their diffusion rate through the 
lattice. Due to the material transport tangential 
stresses develop at the grain boundaries which are
relaxed by a diffusional process. Herring has shown
© o
that C (relaxed) = 5/2 £ ( unrelaxed), and gives for
the relaxed creep rate
where Ds is the coefficient of volume self-diffusion, 
d is the grain diameter, and oC is a constant which 
corrects for the difference in vacancy concentration 
from equilibrium (approximately unity).
The significant features of the Nabarro-Herring 
theory may be summarized as follows:
(1) there is no consideration of transient 
phenomena
(2) the activation energy for creep is equal to 
that for volume self-diffusion
-1 2 -
(3) the creep rate is proportional to stress 
(i.e. viscous creep).
(4 ) the creep rate varies inversely with the 
square of the grain diameter.
(5) a grain elongation occurs in the direction of 
the tensile stress.
•
(3) Coble Theory
Coble® noted that in oxides the diffusion coeffi­
cients for the small cations can be apparently less than 
the diffusion coefficient for the larger oxygen ion by 
several orders of magnitude when calculated from creep 
data. For creep dependent upon a vacancy diffusion 
mechanism, it would be expected that the creep rate would 
be determined by the diffusion rate of the least mobile 
(larger) species, i.e. 0"2. Paladino and Coble^ proposed 
that the creep deformation process in alumina and other 
ionic type materials consists of cation diffusion through 
the lattice, in agreement with Nabarro and Herring, but 
that oxygen ion diffusion occurs largely along grain 
boundaries where its diffusion coefficient is enhanced.
In the creep model proposed by Coble, spherical 
grains are assumed for simplification; and as in the 
Nabarro-Herring Model, a stress induced vacancy flow 
is assumed for the transport process, with the dif­
ference that boundary diffusion rather than volume
-13-
diffusion predominates. .Coble gives for the creep 
rate
£  = l50arDbw/i, (7 )
d^kT
where w is the width of the grain boundary and is 
the diffusion coefficient for atoms in the boundary.
The enhancement of the creep rate by shear stress relax- 
ation at the grain boundaries is included in Equation (7 ) 
which Coble assumes (in agreement with Herring) is 5/2 
times the unrelaxed creep rate.
Note that the creep rate is a viscous process 
(Proportional to <T) and requires elongation of the 
grain in the direction of tensile stress as in the 
Nabarro-Herring model, but may be differentiated from 
the former by dependence on the reciprocal of the cube 
of the grain diameter.
The boundary width (w) introduces a degree of 
arbitrariness to Cobles Model, because only the product 
DfcW has been separable from diffusion measurements. Early 
measurements in metals indicated that w was three to five 
K, but recent measurements of diffusion coefficients of 
(0"2) in alumina*0 and (Cl“) in polycrystalline NaCl** 
have shown that the thickness of the region in which the 
diffusion coefficient is enhanced may be of the order 100 
to 1000 8. Thus for small grains an enhanced "volume" 
diffusion model (equation 6) may describe the creep
-14-
process more accurately,.while for larger grains the 
creep process may be described by the grain boundary 
diffusion model, i.e., Equation (7).
(4 ) Gifkins Theory
The Gifkins^-2-14 theories are also based on a dif­
fusion model, where creep extension occurs by a grain 
boundary sliding mechanism controlled by diffusion. The 
Nabarro-Herring and Coble models depend on an elongation 
of individual grains and ignores any contribution to 
total strain due to a true grain boundary sliding mech­
anism (not to be confused with the tangential stress 
relaxation phenomenon of the Nabarro-Herring and Coble 
models), which Gifkins and S n o w d e n ^  note is frequently 
observed in metals. Earlier theories considered grain 
boundary sliding and changes in grain shape as separate 
phenomena when, in fact, they may occur simultaneously. 
Such readjustments could lead to grain rotation, local 
slip, diffusion and grain boundary migration.
Protrusions or double ledges such as AB and CD are 
assumed to exist as shown in Figure 4. When the boundary 
XY is subjected to an applied shear stress, AB is placed 
in compression and CD in tension. This leads to a 
variation in vacancy concentration as described in the 
Nabarro-Herring theory, and a localized diffusional creep 
occurs which moves the protrusion forward to A'C*. Thus 
grain boundary sliding occurs at the rate of movement of
-15-
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Figure 4
Grain boundary sliding 
controlled by diffusional movement 
of a "protrusion"
-16-
the protrusions. It is assumed that the stress 
concentrations that develop at the ledges due to the 
sliding can be relaxed by slip or twinning.
Gifkins related the creep parameters to a local 
vacancy flux through the grain boundary, and gives 
for the strain rate
* 2 K<rDbft . .
where L is the length of the protrusion, and the
proportionality constant (K) is close to 2. Thus
creep rate can be related to a (l/d) dependency if
L is independent of grain size; however, Gifkins
notes that L may also be proportional to the grain
size so that the creep rate may go as (l/d^)
13,14
In another paper, Gifkins proposed that when 
grain boundary sliding occurs, the rate of accommo­
dation at triple points (see Figure 5) may be slower 
than the sliding process and thus be the rate con­
trolling mechanism. Sliding along AB due to a shear 
stress causes compression stresses along BC and 
tensile stresses along BD. The conditions for 
diffusional creep as required by the Nabarro-Herring 
theory are thus developed and a local flux of 
vacancies will occur from BD to BC. For a boundary 
at 45° to the applied stress, the creep rate controlled 
by triple-point accomodation is given as:
-17-
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Figure 5
Accomodation 
of grain boundary sliding 
along AB by diffusion between BD and BC
-1 8 -
» 40Q'(Dbw ) n  . (9)
~  d3kT
which is very similar to the equation Coble derived 
for creep controlled by grain-boundary diffusion.
Thus, depending on the particular mechanism of grain 
boundary sliding, strain rate may be proportional to 
(l/d), (l/d^), or (l/d^), indicating the difficulty 
in defining the specific creep mechanism on the basis 
of grain size dependence alone.
B. NON-VISCOUS CREEP (DISLOCATION MOVEMENT)
(l) Mott Theory
M o t t ^  discussed a low temperature, fine slip 
(slip lines spaced at 50 8 or less) mechanism which 
permits the formation of sub-grain boundaries (or 
dislocation cells) by the alignment of dislocations 
which are dispersed over a large number of planes.
In comparison the formation of boundaries after coarse 
slip (slip lines spaced approximately 2000 R apart) is 
possible only if dislocations can climb out of a 
piled-up group. Mott notes that fine slip is frequently 
associated with deformation at elevated temperatures (for 
which dislocation climb is relatively easy), and extends 
his fine slip model to include dislocation climb in 
developing a high temperature creep theory.
The slip modes are characterized further as involving 
continuous “dynamic" or discontinuous "non-dynamic" motion. 
Non-dynamic motion occurs if the slip plane contains small 
obstacles, extending only a few atom distances, which impede 
dislocation motion. A stress is defined as that neces­
sary to force a dislocation through the obstacle. If the 
applied stress <X is greater than 0£, dislocation movement is 
rapid and dynamic motion results. If O' is less than 0 £, dislo­
cations will be frequently held up, released by thermal excita­
tion, held up, etc., resulting in so-called "non-dynamic" motion.
The stress necessary to operate a dislocation source (e.g. 
Frank Read source) is represented by Op. If for a given source 
CT> Op'jOo* momentum of the rapidly moving dislocation allows 
the source to continue and dynamic generation of dislocations 
is expected. Once a source has started to generate dislocations,
it will continue to do so until the stress at the source due to
them is about 0£. Normally, about 1000 dislocation rings are 
formed before the source stops, resulting in coarse slip. If 
however, sources exist for which cr<CTp <O"0, the dislocation 
exerts a stress at the source, which will stop acting, and re­
sult in other sources becoming active on nearby planes, thus 
resulting in fine slip. Low stresses are generally used in 
creep testing and thus non-dynamic fine slip is expected.
The obstacles in creep are assumed to be sessile dislo­
cations (cannot move by glide), which are not expected to
lie in a long dislocation line but extend over smaller
-20-
distances, moving into othqr planes. The barriers against 
which non-dynamic dislocations pile up will thus have gaps 
in them (say, length 1). Climb occurs at these pile-ups, 
enabling dislocations to escape the barriers. The escape 
rate is assumed to be the rate controlling mechanism in 
creep which is given as:
e - A / e e - I ^ V l / k l  (10)
where 0 is the stress-strain curve gradient, A is a cons­
tant, b is the Burgers vector, and AHS the activation energy 
for self-diffusion. The relationship denotes that the 
apparent activation energy be stress dependent, and this has 
not been verified experimentally.
In a later modification of the theory, Mott^ retained 
non-dynamic fine slip as the basis for the creep model, but 
noted that slip at elevated temperatures probably occurs on 
more than one plane in many polycrystalline materials. Slip 
itself is considered rate controlling, and in each cell not 
more than one dislocation moves on each slip line. The dislo­
cations, envisioned as dispersed on numerous parallel planes 
in the previous model, now are viewed as having to cross a 
"forest11 of dislocations intersecting the slip plane of the 
mobile dislocation. When a screw dislocation cuts another 
screw dislocation, a jog or double ledge in the slip plane 
is formed. In addition intersecting screw dislocations 
leave a trail of vacancies behind so that the resistance to 
screw dislocation motion increases proportionally to the
-21-
distance moved. Mott relates the stress necessary to
operate the dislocation source to the lattice constant
by the equation O' = Kb/a, where K contains the shear
modulus and a is the distance between slip planes. If
the distance between jogs on a screw dislocation is A*
the work done by the stress in moving the dislocation
through one atomic distance in the vicinity of a jog 
2is ?vb /qt * and against this work one vacancy must be 
created. The activation energy is the energy necessary 
to form and move the vacancies formed by the inter­
secting screw dislocation process, which is the energy 
for vacancy diffusion. For slip occurring on inter­
secting planes Mott gives for the creep rate
where V  is the atomic vibrational frequency. As 
indicated above, QT is proportional to 1/a so that to 
the first order, a linear dependence upon stress results. 
The exponential dependence of activation energy upon 
stress, which again has not been experimentally sub­
stantiated, is a second order effect and modifies the
£=nb/a)e-<*Hs-*b2crA T) (in
o
linear dependence of £. on <T only slightly.
(2)
17Weertman has also proposed a steady state creep 
theory based on the climb of dislocations over
-22-
obstacles. Frank-Read sources are assumed for the 
dislocation which, under stress, moves in the form of 
loops until a natural obstacle such as a grain 
boundary is encountered. Stresses are produced by 
the piled-up groups and activate other dislocation 
sources on different slip systems. The dislocations 
generated combine with those already existing in the 
piled up group to form a new dislocation of pure edge 
character (Lomer-Cottrell dislocation^®). This new 
dislocation is sessile because its Burgers vector 
does not lie in either of the interacting slip planes. 
Dislocations between a Frank-Read source and a Lomer- 
Cottrell dislocation disperse through climb, but are 
continually replaced by newly created dislocations.
The creep rate in Weertmans theory is proport­
ional to the rate of escape of dislocations (past the 
Lomer-Cottrell barriers) and the reciprocal of the
height the dislocations must climb. IVeertman shows
o
that climb height is proportional to I/o' and that 
the rate of climb is related to the vacancy concen­
tration gradient between dislocations; the latter is 
in turn proportional to CT2. Thus the creep rate 
expression becomes proportional to O'4, and is given by
C  _  30C 1O ' 4 P  b 2 S / k _ £ H s/ k T
V. — O. t- 6 ©e e - (1 2 )
where S is the entropy of activation for self-diffusion,
-23-
Iand M .  is the shear modulus. = MLLoc, where M is 
the number of active Frank-Read sources per unit volume,
L is the distance the edge portion of the dislocation 
moves after breaking away from the barrier, L* is the 
same distance for the screw portion of the dislocation, 
and X  is the width of the piled up dislocation group. 
Weertman empirically determined that for single crystals 
C a n d  for polycrystalline materials 
so that equation (1 2 ) can be expressed for polycrystalline 
ceramics (where dislocation climb occurs) as
e-*»sAT (13)
The dependence of creep rate upon the 3rd or 4th 
power of stress is the characteristic feature of the 
dislocation climb mechanism. An obvious limitation 
is that the effect of grain size does not appear in the 
creep expression.
G a r o f a l o ^  proposed that the mobile dislocation
theories could be refined to include grain size effects.
Steady state creep may be defined by the relation 
o
€ « bNgV (14)
where Ns is the mobile dislocation length per unit 
volume, and V is the average velocity of mobile dis­
locations. Both grain boundaries and sub-grain 
boundaries are known to act as sources and sinks for
-24-
vacancies and N should depend on generation at both 
locations, so that N<, = (N^ + Ng^). .is the contri­
bution of grain boundary generation to Ns and Nsb is 
the* sub-grain boundary generation contribution. Kb is 
shown to be proportional to D^/d where is the density 
of lodges generating dislocations per unit area of grain 
boundary. At low temperatures is small and contri­
butes negligibly to steady state creep. Above a 
minimum temperature boundaries become mobile, ledges 
reform, and increases and is maintained at a steady 
state value. The Ng^ factor is shown to be proportional 
to d^. Thus Equation (14) becomes
£  CT(k^Dj_/d + k2d^)bV (lb)
where and k2 are constants with appropriate units to 
give the correct dimensions for strain rate. Although 
stress dependence is not explicitly shown, stress is 
known to be related to dislocation density and velocity. 
Friedel^O showed that for many single crystal and poly- 
crystalline materials, GT (as related to hardness 
tests) is related to dislocation density .^(crrr^ v;hich 
corresponds to Ns)by
CT~ (jJb/4)/*'^ (16)
thus suggesting/**^. Cottrell^ reports that under a 
force F an atom (or vacancy) migrating by thermal 
agitation acquires a steady drift velocity of
V « (D/kT)F
- 2 b -
which is also the rate of climb (diffusion process)
of the dislocation. The force in the slip plane of a
dislocation is F = CTb, and a dependence of V 6* CT
results. At constant stress Equation (15) has been
found to agree with experimental results for low,
19intermediate and high temperatures . At low tempera­
tures where is small, Equation (15) predicts a
© q
dependence of £ °c d » At high temperatures a depend­
ence of £oCl/d is indicated. When Equations (16) and 
(17) are combined with (14) a dependence upon stress 
of C ^ C f 3, similar to Weertman’s Theory, is suggested 
Thus when dislocation climb is the rate controlling 
mechanism in creep, Garofalo's refinement may be 
combined with Weertman's Equation to give a creep rat
C
dependence which goes as C^Cf-Vd.
CREEP EXPERIMENTS
In the following, a review of the more recent 
investigations on ceramic systems will be considered 
in relation to the creep theories presented above. 
Most of the work has been concentrated on magnesium 
oxide (MgO), the "classical" ceramic aluminum oxide 
(AI2O3 ), and beryllium oxide (BeO).
(1) MgO
The development of refractory materials capable 
of withstanding loads at elevated temperatures led 
to interest in MgO which has a melting point of 
2800°C. Single crystal MgO has also received attent­
ion because of its ductility at low temperatures,
op
which has been attributed to slip 7 Polycrystalline
MgO acts in a brittle manner at low temperatures, and 
23
Pask has suggested that this is due to grain bound­
aries which strongly inhibit dislocation movement.
Numerous investigations involving constant load 
creep experiments on MgO have been reported, and most
of the work is on polycrystalline samples. In the
24earlier work on polycrystalline MgO, Wygant reported 
an activation energy for creep of 47 kcal/mol for 
specimens of very fine grain size ( «  1pm) and 95/o of 
theoretical density. The samples were tested in
-27-
torsion and a rate dependence on stress, was
reported.
25Vasilos et. air tested polycrystalline samples
(99.5/o of theoretical density) varying in grain size
from 1-^im. The creep rates were obtained at 1180-
1260°C using a four point loading technique. An 
♦
activation energy of 74 kcal/mol and a linear depend­
ence of creep rate upon stress was reported. Although 
Vasilos et. al. make no attempt to determine the
effect of grain size, the Nabarro-Herring model was
o
proposed for the creep mechanism because £  «C O '.
Cummerow^£ using a three point loading technique,
studied creep in single crystals of MgO over the
temperature range 1450-1700°C. A range of activation
energies from 80-160 kcal/mol was reported on test
samples cut from a single master specimen. The
variation was attributed to small deviations from the
stoichiometric composition, resulting in transitions
from cation to anion self-diffusion processes. The
o 4
stress dependence of the creep rate varied from £°CO" 
to £oCO"7 with the higher exponent occurring at lower 
temperatures. Curnmerow suggested IVeertrnan's dislo­
cation climb model for the creep process but noted 
that a diffusion mechanism was also contributing to 
the creep.
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Passmore et. al.^, using a four-point transverse 
bending technique, investigated creep in polycrystalline 
MgO (99.5% of theoretical density) over the range 1100- 
1500°C. The activation energy was observed to decrease 
as the grain size increased; 96 kcal/mole for the 2 pm 
grain .size samples to 54 kcal/mole for the 5.5 urn grain 
size samples. For the samples ranging in grain size 
from 5.5-20 pm, the activation energy remained constant
o , e
at 54 kcal/mole. For grain sizes 2-5.5 pm, A , and
c
for grain sizes 5.5-20 pm, 6 «^ cr. The dependence of
creep rate upon grain size per se. was determined as 
o 2 5
£<?Cl/d * . Passmore et. al. suggested that the high 
activation energy for creep obtained by Cummerow was 
related to a vacancy generation process resulting from 
the applied tensile stress. This mechanism would operate 
in addition to the stress-directed self diffusion pro­
posed by the Nabarro-Herring model for viscous creep.
Lattice vacancy creation was also used to explain the
o
continual decrease in £ with £ in the secondary creep 
stage. Passmore et. al. suggested that three creep mecha­
nisms were operative in the high temperature deformation 
of polycrystalline MgO, viz. the Nabarro-Herring
lattice diffusion mechanism, the Coble grain boundary 
-2diffusion (O- ) mechanism, and a lattice vacancy form­
ing mechanism. The first two mechanisms were suggested
-29-
to be responsible for the dependence of creep rate 
on d“2.5#
Tagai and Zisnej?® studied creep in polycrystalline
MgO (99.9% of theoretical density) in the temperature
range 1200-1500°C. A four point loading technique was
used. An activation energy of 104 kcal/mo]e and a stress
dependence of g ^ O^where n is in excess of unity) was
o
reported. The phenomenon of decreasing <■ with increas­
ing 6 was also noted and proposed to be an inherent
quality of dense refractory oxides explainable by grain
29 _
growth. In another investigation, Zisner and Tagai
investigated the effects of porosity and additives (eg.
Fe) on the creep rate for MgO. Additives decreased the
tendency for grain growth and significantly affected
mechanical properties at levels of contamination (ppm
range) well below those usually considered significant
in oxide ceramics. The additives promoted a linear 
o
dependence of € upon O' ; suggesting that nonviscous 
dislocation mechanisms were being inhibited and replaced 
by a viscous diffusion mechanism. Previous investiga­
tors assumed that the effect of porosity on creep was 
independent of temperature, and that a given pore 
content should produce a fixed stress amplification 
factor over a wide temperature range. Zisner and Tagai 
showed that the effect of porosity per se. is related
-3 0 -
T
to a thermally activated process, which increases 
the overall apparent activation energy of creep and 
produces a variable amplification factor, A con­
centration of pores could enhance creep by processes 
such as grain boundary sliding. It was observed 
that for up to 6% porosity, the creep rate was not 
significantly affected if the pores were fine, well 
distributed, and cracking was absent. The authors 
proposed that several processes contributed to creep.
The Nabarro-Herring mechanism was assumed to be the
principal process occurring (although no dependence 
o _
of £oCl/d^ is reported). The stress dependency (O' ) 
was accounted for by using V/eertman's theory, imply­
ing that both diffusion and dislocation mechanisms
were simultaneously operative.
30
Hensler and Cullen investigated creep in poly­
crystalline k.gO (97-98 .9/6 of theoretical density) 
under compression. The grain size of the samples 
varied from 13-68 >im. An activation energy of approx­
imately 110 kcal/mol was reported. The authors proposed 
that the large discrepancies in the reported activation 
energies for creep in H.gO makes the stress dependency 
a more reliable quantity in determining creep mechanisms. 
A stress dependence C oC o*( n = 2.3-3.1) was obtained, 
but the grain size effect was not considered. It was
-31-
observed that no change in grain size or specimen 
shape occurred during testing. Despite the fact that 
the stress dependence factor (n - 2-3) suggests a 
nonviscous dislocation mechanism, the authors con­
cluded that no existing theories were applicable to
their data, and that Gifkins diffusion induced grain 
«
boundary sliding mechanism represented the best 
choice of creep model.
Terwilliger et. al?^ investigated creep in 
polycrystalline MgO and MgO-Fe203 solid solutions 
(all samples were approximately 99.5% of theoretical 
density). The grain size of specimens varied from 4- 
68 pm. A four point flexure loading method was used 
to produce creep over the temperature range 1QQ0- 
1400°C. Characterization of the creep process in­
volved the determination of the dependence of creep 
on stress, grain size, and the diffusion constant for 
the system. In samples containing no Fe203 additive, 
creep by a nonviscous dislocation mechanism was pro­
posed to account for eoccr^n = 2.4-3.6 ). The authors
32note that Langdon and Pask found a similar stress 
correlation (n = 3.3) in polycrystalline MgO at 1200°C 
for creep tested in compression. The results of 
Terwilliger et. al. were interpreted in terms of dis­
location climb controlled creep. For the pure MgO
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specimen no grain size effect was reported. Addition 
of small percentages of Fe2 0 3  (0.10-3.0%) inhibited 
the nonviscous creep mechanisms and promoted diffus-
o
ional, viscous (Coco* ) creep. Similar effects for Fe2 0 3
30additions were observed by Hensler and Cullen . Groves
and Fine**3 have postulated that Fe+^ ions in solid 
#
solution inhibit dislocation motion during deformation
of MgO single crystals. Terwilliger et. al. also
noted that creep rate increased with increasing Fe2 0 3 »
and in all cases was higher than for pure MgO. The
creep rate in the Fe2 ^ 3  doped specimens changed from
a 1/d3 to 1/d^ dependency as grain size increased.
These results suggested a transition in the creep
mechanism from grain boundary anion diffusion (Coble)
to lattice diffusion (Nabarro-Herring). A decrease 
o
in £ with € was also observed. The decay was too 
great to be explained in terms of grain growth as was 
suggested by Tagai and Zisner, and was described as an 
inherent, nonviscous, time»hardening mechanism.
(2) A1203
Alumina has found widespread use in the field of 
ceramics because of its availability, chemical stability 
and relatively high strength, Its high melting point 
(2040°C) has lecj to extensive application in
f
refractories.
-33-
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Warshaw and Norton did extensive creep test­
ing on polycrystalline AI2O3 (9 7 -1 0 0 % of theoretical 
density) over the grain size range from 3-100 pm.
Four point loading was used to produce creep at 
temperatures ranging from 1600-1800°C. Fine grained
creep specimens (3-13 pm) displayed a vicous behavior 
0 •
(t°CCT) with an activation energy of 130 kcal/mole and 
a dependence on grain size of £ 1/d**. In coarse
grained samples (50-100 pm) the activation energy 
increased to 185-kcal/mdLe and suggesting a
dislocation mechanism. Creep in the fine grained 
material was attributed to the lattice diffusion of 
cations, according to the classical description of 
viscous flow by Nabarro-Herring. For the coarse 
grained material, creep was assumed to occur by a 
dislocation climb mechanism (Weertman theory).
AI2 O3 possesses a hexagonal crystal structure 
and in single crystals only one active slip system
has been observed at low temperatures. Scheuplein
35ang Gibbs suggested additional systems would be 
activated at high temperatures. Wachtraan and 
Maxwell observed such slip systems operating at 
elevated temperatures, adding weight to the conclus­
ion that Weertman*s dislocation theory applies in
-34-
AlgOg in the temperature range studies by Warshaw 
and Norton (1600-180G°C). Wachtman and maxwell also 
noted a strain hardening effect during creep.
(3) BeO
The interest in BeO (m.p. 2550°C) lies in its 
demonstrated stability in air at high temperatures, 
and also in its low neutron capture x-section and 
hence potential as a structural material in nuclear 
reactors. BeO has an hexagonal structure, and the 
basal slip system is the only one expected to be 
active at low temperatures.
Barmore and Vandexvoort^? performed creep tests
on polycrystalline BeO [99% of theoretical density)
samples varying in grain size from 10-30 um. A four-
point loading technique was used to produce creep
over the temperature .range 1400-1700°C. An activation
o
energy of 100 kcal/rnoJe was reported with c^ o'/d^*, 
suggesting the classical viscous creep process of 
stress induced vacancy diffusion (Nabarro-Herring 
theory). Based on the calculation of the diffusion 
constants from the creep rate data, the authors pro- 
posed that the diffusion of the (0"'t-j ion was the rate 
controlling mechanism. This is in agreement with 
the v.'ork of Newkirk and Gline^, who showed (by
Of,•Wv)*
electrical conductivity measurements) that the
cation moves faster than the oxygen ion in the BeO
lattice. The results obtained by Barmore and
Vandervoort agree very well with earlier work by the 
39same authors on compressive creep in BeO. Porosity
up to 4/o was found to have negligible effect on the
creep rate if it was well distributed and remained
constant during testing.
Fryxell and Chandler4® studied compressive creep
of polycrystalline BeO at 1200°C with a porosity
range of l-15/o. The grain size varied from 5-100 um.
The results essentially agree with those of Barmore
37 39and Vandervoort * . There was too little control
over impurity and porosity content to establish
trends, except that in fine-grained samples abnormally
high creep rates were observed when porosity was
concentrated between grains. The phenomenon of de- 
o
creasing £ with € in the secondary region of creep 
was reported for BeO.
In summary, it is difficult to compare the creep 
data, and it can only be assumed that the differences 
in test design, grain size, purity, and porosity are 
responsible for the large discrepancies in creep re­
sults reported by different observers for the same 
ceramic systems. However, several inferences regard­
ing creep in ceramics may be drawn from the investigations
-3 6 -
discussed above:
(1) In ceramics for which crystal structure
is prohibitive to several slip systems operating,
or when impurity additions effectively block
dislocation glide or climb, creep is characterized
by viscous, diffusion mechanisms. Frequently a
transition from a volume diffusion mechanism 
o
( £oC CT/d2 ) to a grain boundary diffusion mechanism 
o
(e*cr/d3) will occur in creep when the grain size 
is decreased,
(2) Ceramic materials in which slip systems are 
known to operate will often exhibit a nonviscous 
creep behavior at elevated temperatures where 
grain boundaries do not act as barriers to dis­
location motion. Ceramics that do not normally 
exhibit multiple slip at low temperatures will 
exhibit nonviscous creep at temperatures ap­
proaching the melting point, where new slip systems 
become operative.
(3) Strain hardening during creep is frequently 
observed in dense ceramic oxides, which is
O
manifested as a progressive decrease of £ with 
increasing £. In some cases the strain hardening 
has been associated with grain growth.
(4 ) Increasing concentration of Fe203 additives
-37-
increase the creep rate in MgO. This has been 
attributed to a promotion of viscous creep, as 
the impurity in solid s< lution inhibits dislo­
cation movement and hence nonviscous creep.
The implication is that the increase in viscous 
creep rate exceeds the decrease in creep rate 
due to dislocation mechanisms.
(5) The general effect of porosity seems to 
be to increase creep rate and appears to be 
related to a thermally activated process. Thus 
over a temperature range, porosity may drastically 
affect all creep parameters, including activation 
energy.
(6) The effect of grain size over wide ranges 
is not consistent. The sensitivity of the acti­
vation energy and the stress dependency of creep 
rate to grain size for some ceramics suggests a 
transition in the creep mechanism.
(7 ) The effect of stress and grain size on creep 
rate in generally more indicative of the rate 
controlling mechanism in creep than the activation 
energy.
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STRONTIUM ZIRCONATE (SrZr03)
A search of the literature disclosed that with 
the exception of the work of Tinklepaugh et. al.^.
Funk et. al.4*-4^, and Nemeth44, there have been no 
investigations on the mechanical properties of SrZrOg. 
The above investigators attributed the "ductile” 
stress-strain behavior of SrZrO^ to the domain struct­
ure which occurs in some members of the perovskite 
type family (ABO3 structure, e.g. BaTi0 3 , SrZr0 3 , etc). 
A domain may be described as a zone in a crystal (or 
grain) where the axes of the primitive cells are 
coincident. Adjacent to this zone are other domains 
containing primitive cells of a different orientation. 
It has been demonstrated^"4*^ that the domain structure 
in the perovskites is associated with twinning, and the 
line of crystallographic mismatch between adjacent 
domains is referred to as a twin plane.
The idealized structure for the perovskite-type 
structure is cubic, and is shown in Figure 6 . The 
SrZr0 3  structure is obtained by a slight distortion 
of this perfect cube as shown in Figure 7 . The dis­
tortion consists of an elongation of one of the face 
diagonals of the cube to become the orthorhombic a- 
axis, a compression of the other face diagonal to 
become the orthorhombic c-axis and b' is doubled to
-39-
50form the orthorhombic b-axis. Roth reported that
the orthorhombic cell of SrZrC^ possesses the dimen-
o o  o
sions a»5.814 A, b-8.196 A and c=5.792 A. From
Figure 7 it is evident there are four primitive
pseudocells per orthorhombic unit cell, and each
pseudocell is monoclinic with a'=c,ss4.096 ft,
b'=4.098 ft,with the angle between a* and c' being
90° 14'.
The twinning (associated with the domain 
structure) is generally defined as a shear operation 
in which the atoms are displaced parallel to a mirror 
plane, with the displacement being a fraction of the 
lattice translation vector. All atoms in the dis­
placed region move through distances proportional to 
their distance from the mirror (twin) plane. The 
slight deviation of the primitive structure (0° 14') 
from a cube allows twinning to occur by shear as 
depicted schematically in Figure 8 a. The effect of 
mechanical twinning upon the orthorhombic cell is 
shown in Figure 8b, viz. a 90° rotation of the a and 
c axes about the b-axis, which remains unchanged. Ad­
jacent domains across a twin boundary are shown in 
Figure 9. Twinning may be affected by a slip process,
i.e. dislocation movement (c.f. section V, Creep
21Mechanism), however, Cottrell notes that mechanical
-40-
twinning phenomenon differs from slip, with its main 
features being:
1) A lamella (domain) in the stressed crystal 
deforms into a new orientation, related symmet­
rically about some simple crystal plane (mirror 
plane) or axis (rotation) to the orientation of 
the undeformed parts of the crystal.
2) Macroscopically, the twinned lamella is 
formed by a simple shear on the twinning plane 
in the twinning direction. In contrast to slip, 
this shear is homogeneous throughout the entire 
twinned region and is fixed by the geometry of 
the crystal structure.
3) On the atomic scale, successive lattice
planes parallel to the twinning plane slide
over one another in the twinning direction,
each plane moving over those below it by a
fraction of the lattice spacing.
Mechanical twinning has been shown to be compat-
46-48ible with the orthorhombic perovskite structure 
44Nemeth has grown single crystals of SrZrOg and
observed the domain structure using a petrographic
microscope. Domains were observed to move through
the crystals under the influence of a directional 
51force. Hayden noted that the shear deformation
-41-
associated with mechanical twinning can cause local 
stresses when the twin ends within the crystal (or 
grain) of a polycrystalline material. The deformation 
accompanying twinning can then cause the twinning to 
continue in neighboring grains. It was suggested that 
the above mechanism is responsible for the unique 
"ductility” of SrZrOg.
-42-
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Ill EXPERIMENTAL
A. SAMPLE PREPARATION
The problem of sintering consistently dense,
homogeneous specimens of SrZrO^ has been the object of
41-43considerable research. The control of atmosphere 
and temperature for sintering is difficult with gas 
fired kilns, and consequently an electric furnace 
utilizing super kanthal elements was constructed. These 
elements are capable of achieving a maximum operating 
temperature of 1700°C in air. The use of an electric 
furnace for sintering eliminated the problems associated 
with the inconsistent oxidizing-reducing atmosphere 
conditions due to variable gas-air mixtures.
Chemically pure SrZr03 was obtained from TAM Divi­
sion of the National Lead Co. (Niagara Falls, N. Y.).
A spectrographic analysis of impurities occurring in this 
material is shown in Table I. All test specimens were 
prepared from the same lot of SrZrO^ powder to eliminate 
or minimize variations in the test results arising from 
differences in specimen composition.
The high melting temperature of SrZrOg necessitates 
addition of mineralizers to lower the sintering temper­
ature. In their attempts to sinter SrZrO^, Keler and 
52Kusnetsov achieved only 66% of theoretical density by 
firing to 1500°C with no additives. They obtained up
-47-
to 90% theoretical density by adding strontium borate 
(3SrO.B203) in excess of 5 wt.?o. The addition of 
the mineralizer (3SrO,B2C>3) cannot be considered a 
satisfactory means of densification; firstly because 
almost theoretical densification is required, and 
secondly too high concentrations of the mineralizer 
will alter those characteristic properties of SrZrOg 
which result in its unique behavior.
Funk, Nemeth, and Tinklepaugh^ conducted ex­
tensive sintering tests on C.P. SrZr03 in which B2Q3, 
Fe2°3, FeCl3, AICI3 , H3PO4 , (NaP03 )6 , LiF, LiCl, and 
KC1 were added in amounts up to 1 wt.%. In these
tests only the iron compounds were effective in ob­
taining sintered densities in excess of 90% of 
theoretical. A slow scan X-ray pattern of the high 
angle 29 = 146.32° peak of SrZr03 showed that such 
small additions cause no measurable shift, indicating 
that there is no disruption of the crystal structure, 
and thus the twinning phenomenon in SrZr03 .
Sintering and the resultant densification of 
oxides is believed to occur by a diffusion process 
whereby vacancies diffuse from pores to grain boundaries 
where they are annihilated. Conversely, the mechanism 
can be viewed as the migration of ions into the voids 
from nearby grain boundaries. The Nabarro-Herring 
model described earlier, again serves to describe the 
densification process.
-48-
Jorgenson and Anderson^3 discussed the sintering 
of relatively pure oxide powders and noted that "dis­
continuous grain growth", i.e., grain boundaries break­
ing away from pores and leaving them entrapped within 
the grains, makes it increasingly difficult to achieve 
high densities. Inhibiting grain boundary migration
r
(retarding grain growth) so that the distance between 
pores and grain boundaries remains small allows a high 
vacancy diffusion flux to the grain boundaries to 
eliminate voids. They suggested accomplishing this by 
adding to the oxide small amounts of ThC^ which segre­
gates at the grain boundary and thus exert a drag on 
grain boundary motion. Jorgenson and Anderson found, 
however, that additions of 1 0 wt.% ThC^ were necessary 
to achieve the desired results.
Kingery^4 indicated that small additions of a low 
surface tension component to an oxide powder would 
segregate at the surface of a grain and decrease the 
surface energy, a driving force for grain growth. This 
too may provide a means of retarding grain growth.
Accordingly, a series of sintering experiments 
were performed using mixtures of SrZrQg with an as 
received grain size of <0.3 jum and ThC^ to give fine 
particles segregated at boundaries, and another series 
with Fe2 0 3  to give a low surface tension liquid (above 
1565°C) at the grain boundary. A series of tests was
-49-
also conducted using both ThC^ and Fe2 <~)3 additions. 
Hydrated thorium nitrate (Th( 1^ 0 3 )4 .4 ^ 0 ), which is 
soluble in alchohol, was mixed with alchohol and 
SrZrOg to form a slurry. NH4 OH was added to the 
slurry while it was vigorously mixed, resulting in 
gelatinous Th(0 H ) 4  precipitating on the grains of 
the SrZr0 3  powder, which on ignition results in the 
formation of ThOg.
Iron was added as ferric chloride, which is 
also soluble in alchohol, and the same treatment 
described above for T h f l ^ ^ ^ ^ O  results in ferric 
oxide (Fe2 0 3 ) coating the SrZr0 3  grains.
The slurries were agitated during drying to 
promote intimate mixing. After drying all batches 
were dry-mixed in a V-shell blender for 24 hours and 
then milled for one hour in a vertical reciprocating 
mill to further promote mixing and reduction in 
particle size. Fine particle size aids sintering by 
increasing the surface free energy. The milling 
medium was high density burundum (AI2 O3 composition) 
cylinders, l£n diameter, by !£" in length (obtained 
from Canadian Laboratory Supplies Ltd., Toronto, Ont.). 
The grinding cylinders and powder were placed in a one 
to one volume ratio to form a charge which occupied 
30-40% of the volume of the grinding mill.
-5 0 -
55 56Lewis and Lindley * have demonstrated that the 
strains introduced in refractory oxide particles by 
ball milling contribute to the sintering process more 
than the increased surface area due to reduced grain 
size. It has also been shown^7*5® that a reciprocating 
action is more effective in developing this lattice
m
strain that the conventional tumbling technique. A 
vertical reciprocating ball mill was constructed which 
oscillated the charge in a straight up and down motion 
over a 0.75 in. throw distance at 700 cycles per minute.
The effects of increased lattice strain can usually 
be measured by x-ray line broadening^ * ^ 6  However, the 
small grain size of the as received SrZrC>3 (<0.3 jum) 
itself resulted in line broadening! and the twinning 
mechanism active in SrZr0 3  would act as an accomodation 
process to inhibit lattice strain buildup. These 
effects masked any contribution to lattice strain re­
sulting from the milling procedure.
Two inch long rectangular bars, 0.5" x 0.15" in 
cross-section,were double compacted at 15,000 psi from 
powder slightly dampened by alchohol. The samples were 
then loaded in the kiln and sintered. Table II shows 
the density and fracture strengths of the compacts.
Densities were measured by the water displacement
5Qtechnique 7 which is reported to have a precision of
-51-
0**7t o .05%. This method has the advantage that it does 
not depend on the specimen shape, and also permits the 
determination of pore volume. To obtain the results 
the sample is weighed dry vacuum impregnated with
water and again weighed (W2 ), and finally weighed 
suspended in water (W3 ).
The density properties to be measured are related 
to three volumes which are represented by :
Vm - volume of solid material (cm )
V 0 - volume of open pores (cm^)
Vc = volume of closed pores (cm^).
From the measured weights, (W^), (V^), and (W3 ), 
the bulk volume (V^) and open pore volume (V0 ) are 
computed as follows (for water as the immersion liquid): 
vt = Vm + V0 + Vc « w2 - W3 (18)
V0 = W2 - (19)
Also the bulk density (/^), apparent porosity (Pa ), 
true porosity (P^), and closed porosity (Pc ) are given 
b y :
^b
- v/x
V/2
W1 , , q \ 
“ 7 (grn/ cnr )
- w3 (20)
pa
Vo
~ v t b’2
~ Wl
T w |  * -100 (21)
P t
(22)
- I ■
^theoretical
D
* c = Pt - Pt a. (23)
The closed porosity is a measure of the amount of 
vitrification occurring due to pores being scaled
off in grain boundaries, and of discontinuous grain 
growth which entraps pores within the grains themselves.
Besides density, strength was also used as a 
criterion for selection of the system to examine 
because this determines the materials usefulness.
Funk, et. al.^"4^reported fracture strengths of 
10,000-13,000 psi for SrZrO^ in flexure. The values 
reported in Table II are for room temperature and 
were obtained using an Instron Tensile Testing machine. 
The samples were loaded by pure bending and strained 
at 0 . 0 0 2  in./min.
It was decided that F2 O3 was the most desirable 
mineralizer because of the high densification obtained 
for the relatively small additions. The fracture 
strength of 24,000 psi for the 1.35 wt. %  F2O3 addition 
is twice as high as results previously reported.41-43
The samples for the high temperature deformation 
tests were prepared as described above. After 
sintering, all samples were surface ground with a diamond 
wheel and finished with silicon carbide paper to a 
uniform cross section of 0.135" x 0.325 " . The 
specimens to be tested are described in Table III.
Transmission electron micrographs of typical 
specimens were obtained for each composition and grain 
size. The grain size was too small (0.4 - 2.0 «m) 
to be resolved by the optical microscope, and grain
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size measurements were made by the intercept method 
from the electron micrographs.
Fracture surfaces were etched with a 1.5% solution 
of 40% HF acid. Replicas were obtained by the two 
step technique using 60 % Au- 40% Pd metal shadow and a 
carbon substrate. The replicas were examined on an 
RCA electron microscope, and the photographs of the 
replicated surfaces are shown in Figures A-l to A-6 of 
Appendix A. Scanning Electron micrographs (SEM) of the 
unetched fracture surfaces were obtained on a Joelco SEM 
and are also shown in Figures A-l to A-6.
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TABLE I
Spectrographic Analysis of Principal Impurities 
in Chemically Pure SrZrOg
Silicon <0.1%
0
Iron <0.1%
Aluminum 0,1%
Magnesium <0.1%
Copper, Titanium, Hafnium ppm range
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«B. HIGH TEMPERATURE X-RAY DIFFRACTION
The literature review indicated the importance 
of the crystallography of SrZrQg in relation to its 
mechanical properties. Bush and Hummel obtained stress- 
strain curves in flexure for magnesium dititanate^0 
(Mg0 .2Ti0 2 ) and^-eucryptite ^  (Li2 0 .Al2 0 3 .2 Si0 2 ) similar 
to those displayed by SrZrOg (see Figure 1 ), and 
they attributed the nonlinear behavior (hysteresis) of 
these materials to internal stresses arising from 
anisotropy. Differential thermal contraction during 
cooling causes microcracks to develop after the material 
has been sintered. Repeated application of stress causes 
continual growth of internal fractures, resulting in 
increasing strain.
To insure that thermal expansion anisotropy is not 
a contributing factor to the stress-strain and creep 
behavior of SrZrOg, its thermal expansion was measured 
by x-ray diffraction over the temperature range 25°C-1300°C. 
A Phillips generator, type 12215 was used with a Materials 
Research Corporation, Model X-86N-II, high temperature 
attachment. The temperature was maintained at i 2°C using a 
Materials Research Corporation automatic proportional 
controller.
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C . CREEP APPARATUS
Cxeep specimens were deformed in four-point pure 
bending. The load was applied by weights acting through 
a lever system and transmitted to the specimen by hot 
pressed silicon carbide knife edges (see Figure 10) The 
sample -was supported by 1/8 in. sapphire rods. The 
tensile stress (CTt) in the outer fiber of the creep 
specimen under a total load (F) is calculated using the 
equation:
= %  (24)
where a is the moment arm (0.25 in), w is the specimen 
width (0.325 in.), and h is the specimen thickness 
(0.135 in.). The creep tests in this investigation 
measured plastic deformation under constant load. Although 
Equation (24) is extensively used in the study of plastic 
deformation, its normal use is to relate bending moment 
to elastic stress, and there is some question whether 
the actual stress is represented by this expression.
Regions of high stress would undergo stress relaxation 
during plastic deformation and could cause the outer fiber 
stress to be less than Equation (24) indicates. Timoshenko^ 
has shown that for plastic deformation of a rectangular 
beam the maximum outer fiber stress is given by:
<Tt » 2E« • (25)
x wh2 3n
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where n is the stress exponent in the general creep 
equation given in Equation (32). Unity is the usual 
value given to n (at least for the purpose of calculat­
ing applied load) and thus Equation (24) is obtained.
Strain ( £ ) was obtained from the deflection (6) 
within the region of pure bending. Deflection was 
measured by placing three linear variable differential 
transformers (LVDT), model 24 DCDT-250 (Hewlett Packard), 
coupled directly to sapphire rods which contacted the 
tension side of the specimen (cf. Figure 10). The rods 
were placed slightly inside of the region of pure bend­
ing (e) to avoid irregularities in deflection due to the 
adjoining region of decreasing bending moment. The LVDT’s 
were powered by a DC power supply (Hewlett Packard). The 
configuration of sapphire rods allows measurement of dis­
placement due to sample bending alone and eliminates the 
contributions due to deformation of knife edges at elevated 
temperatures, thermal expansion of the sample support 
column, and thermal expansion of the contact rods. The 
transformers in conjunction with a three channel pctentio- 
metric recorder (Rickadenki Kogyo, Model B-31) provided a 
continuous deflection-time plot. A strain sensitivity 
of 10*5 reported for similar apparatus'^. The outer 
f :.ber . rain in the region of pure bending is determined 
from the expression:
-60-
€ = 5 ^ 4 6 2  (26)
If 6 « g ( g  = 1 in.), Equation (26) can be simplified 
to € = 4h6.
Tl\e creep chamber was heated by four silicon carbide 
globar elements (Carborundum Co.). Temperature was 
measured at the center of the gage section (g) using a 
Pt-Pt 10 Rh thermocouple and was controlled to t3°C.(maximum)
v;ith a probable error oT ± 2^0.
- 61-
F/2F /2
F /2
Sapphire rods
Figure 10
Flexure specimen
in
four point loading
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IV RESULTS
A. X-RAY DIFFRACTION
An x-ray pattern was obtained for various temper­
atures by scanning at 2°/min. for a 20 value from 25° to 
80° to determine if peaks appeared or disappeared.
Such variations, if present, would indicate a change in 
crystal structure with temperature. The structure was 
found constant over the temperature range measured. 
Subsequently, the (204), (163), and (610) peaks were 
slow scanned at 0.25°/min at each temperature. Lattice 
spacing (dj_) for each of the three planes was calculated 
using the Bragg equation. The (dj_) and corresponding 
(hid) values were substituted in the equation relating 
the lattice spacing to the unit cell dimensions for the 
orthorhombic system. The shear angle > cf. Figure 8a) 
at each temperature was relatively constant averaging at 
34' over the temperature range 25°C to 1300°C. This sug­
gests that the twinning mechanism, which presumably 
results in the stress-strain behavior of SrZrOg, is active 
over the entire temperature range. Figures 11 to 13 
show the average linear thermal expansion for SrZrOg and 
the thermal expansion for a, b,and c axes upon heating 
and cooling. These figures show that anisotropy is
negligible and is not a factor in the stress-strain 
or creep behavior of SrZrO^. Table IV summarizes the 
results, giving the average linear thermal expansion 
and thermal expansion for the a, b, and c axes of 
SrZrOg.
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Figure 11
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1.5
Figure 12
Linear Thermal Expansion 
of SrZrOg 
for a, b and c axes 
(increasing temperature)
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Figure 13
Linear Thermal Expansion 
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for a,b and c axes 
(decreasing temperature)
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TABLE IV 
Thermal Expansion of SrZrO^
Thermal Expansion 
% / ° C
Average
••
10.74 X 10-4
a-axis 10.34 X io-4
b-axis 11.08 X 10-4
c-axis 10.76 X IQ”4
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B . CREEP RATE
(1) Effect of Temperature (Activation Energy)
Most of the creep rate results in this investigation 
were obtained using the differential method (see Dorn^). 
If creep is assumed to be a thermally activated process, 
the effect of temperature upon rate may be expressed 
a s :
g = Ae As/lV A H / RT j (2?)
where A is the pre-exponential factor (strain/second/ 
activation) and A S  and A H  are respectively the entropy 
and activation energy (enthalpy) for the 
process. The effect of temperature upon creep rate is 
determined by abruptly changing the temperature during 
creep under constant load conditions. Figure 14 shows 
a typical strain vs time plot for SrZrO^ when the temper­
ature is varied in a step-wise manner between (Tj_) and 
(TV,). The creep rate is obtained from the slope of the 
( O  VS (t) curve in Figure 14 * The logarithm of the 
creep rate is then plotted against the strain as shown 
in Figure 15. Since it may be assumed that there is 
no change in substructure when the temperature is 
abruptly varied, the change in creep rate must be at­
tributed solely to the temperature change. The creep 
rates (<§i) and (£2 ) immediately proceeding and following
the temperature change (T^) and (T2) are related by:
o
fl . e- ^ H/RTx f (28)
when the enthalpy and entropy of activation are assumed
to be invarient. From Equation (28) it follows that:
- . (29)
1 (1/T2 - 1/Ti)
Thus the activation energy for the creep process, at
constant load and substructure, is readily determined
from creep data plots as shown in Figure 15. Tables
B - 1 and B-II in Appendix B contain all the data re-
o
quired for the log (£ ) vs (€ ) plots. Table B-l gives 
the results for SrZrOg with 1.35 wt. %  Fe2C>3 addition 
(these samples henceforth designated SZ-1.35-Fe), and 
Table B-II gives the results for SrZrO^ with 0.85 wt.
%  Fe2C>3 addition (designated SZ-0.85-Fe). The acti­
vation energies obtained for a 2000 psi stress level 
for three grain sizes are given in Tables V and VI 
for the SZ-1.35-Fe and SZ-0.85-Fe samples respectively.
Creep rate is clearly dependent upon temperature, 
stress and grain size, and is also related to the amount 
of strain as evident from Figure 15 . In order to 
determine the effect of a particular variable on creep 
therefore.it is necessary to normalize the creep results 
against those variables not specifically studied. This
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was effectively done in determining the activation 
energies given in Tables V and VI, for the creep load 
and grain size of the specimens were kept constant.
It is useful to recast the creep rate data in 
the form:
z = | e AH/RT (30)
where Z (Zener-Hollomon parameter^4) is independent of 
the temperature effect on the creep rate. If creep 
results from a single process which has a unique acti­
vation energy, then a plot of log (Z) vs (6 ) (at a 
constant stress level and grain size) should give a 
curve which is common to all points irrespective of 
the test temperature. This method is frequently used 
to determine if a singular creep mechanism is operating. 
The log (Z) vs (£) curves for a 2000 psi dead load are 
shown for the SZ-1.35-Fe and SZ-0.85-Fe samples in 
Figures 16 and 17 respectively.
Furthermore, when the creep rate data from dif­
ferent samples are to be used in the determination of
e
the activation energy, the log (€ ) vs (l/T) curves
for constant grain size must be normalized to the same
strain level (the substructure variable also appears to
©
be dependent on the strain level). If log Z (or 6) vs. 
(6 ) plots approximately as a straight line, then it is 
easily shown that the creep rate for a specific strain
-71-
level (for comparative studies the creep rates in
this investigation were normalized to 0.004 strain)
is related to an arbitrary strain level (£ x) by 
o o
log Co . 0 0 4  ” 1 0 9 " (sl°PeM C x - 0 .0 0 4 ) (3 1 )
The normalized creep rates obtained from Equation (31) 
are summarized in Tables B-III and B-IV of Appendix B 
for the SZ-1.35-Fe and SZ-0.85-Fe samples respectively. 
The creep rate data for all grain sizes, normalized for 
a strain level of 0.004, were then recast as Arrhenius 
plots to obtain the activation energies for the creep 
process. These results were then compared to the acti­
vation energies obtained directly by the differential 
method and are also given in Tables V and VI. Figures 
18 and 19, shows the strain normalized Arrhenius plots 
for all grain sizes of SZ-1.35-Fe and SZ-0.85-Fe 
respectively.
(2) Effect of Stress
The effect of stress upon creep rate was determined 
by a differential technique similar to the temperature 
effect measurements. Creep rate at constant temperature 
was measured for a given stress. The stress was then 
abruptly changed and the resultant rate measured. This 
procedure assumes no significant substructural changes 
occur due to the abrupt change in stress. In comparing
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Equations (3) and (30), if f^(0' )oCO'n and f3 (d) may be 
represented by s, then it is evident that
Z « S <Tn (32)
e
so that the slope of log (Z) or log (€ )j vs log (0" ) 
for a constant grain size and strain will give the
o
stress factor (n). The log ( € q #004^Tvs *L°9 ^
plots are shown in Figures 20 and 21 for the SZ-1.35-Fe 
specimens and in Figures 22 and 23 for SZ-0.85-Fe 
specimens.
The SZ-1.35-Fe specimens displayed a creep rate 
dependence upon stress with n ^ 3 ,  where n decreased 
slightly with increasing grain size, i.e., n=3.3 for 
the 0.45 *am and rt=3.1 for 2.04 jam specimens. The n 
factor varied from 1.9 to 3.4 with increasing temper­
ature for the 0.45 urn specimens of SZ-0.85-Fe. The n 
value for the 1.83 jum specimens of SZ-0.85-Fe increased 
from 0.55 at 1200°C to 1.88 at 1300°C.
Creep rate data for the 1.83 jum grain size speci­
mens of SZ-0.85-Fe at the stress levels of 850 psi and 
3000 psi were obtained by conventional long-term creep 
tests rather than the differential method. Figures C-l 
and C-2 in Appendix C show the constant temperature-con­
stant loed} ( C) vs (t) curves for <T=850 psi and
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CT = 3000 psi respectively. These were preliminary 
tests to determine that no irregularities were present 
over the temperature and stress range studied.
G
The (£ ) - (CT ) data for various temperatures was 
replotted to determine if the activation energy is 
stress dependent. The curves showing the effect of 
stress upon the Arrhenius plots for the 0.45 jum and 
2.04 jum grain size specimens of SZ-1.35-Fe are shown 
in Figures 24 and 25. Figure 26 is a similar plot for 
the 1.83 .urn specimen of SZ~0.85~Fe. Since the 0.45 ,um 
and 1.03 jum grain size specimens of SZ-0.85-Fe display 
an activation energy variation with temperature (see 
Figure 19), Equations (27) and (29) do not apply and 
the stress dependency was therefore not determined. The 
complexities observed in Figures 22, 23 f and 26 for the 
behavior of -cZ-0.85-Fe, which is related to the high 
porosity in these specimens (see Table III j preclude 
attempts to describe the affects of (T), (CT), and 
(d) upon activation energy and creep rate,
(3) Effect of Grain Size
The effect of grain size upon creep rate for the 
SZ~1.35~Fe specimens was determined by plotting all the 
strain normalized creep rate data obtained by the dif-
o
xerential technique (Equation 33) at 2000 psi as log t^o.004^
_74-
vs. lo" (d), and is shown in Figure 27. A consistent
©
slope of (-1) was obtained which indicates that £oCl/d. 
This was confirmed for all stress levels by examining 
the (Z) parameter. Warshaw and Norton^4 noted this 
could be determined by considering Equation (32). If 
A H  is relatively independent of stress, the creep rate 
may be normalized for (o'0) as well as for (T). All 
data for SZ-1.35-Fe were included in a log (d) vs. log 
(Z/o ' ) plot as shown in Figure 28. Average values for 
each stress, temperature, and all data are shown for 
three grain sizes. The slope indicates a (1/d) depen­
dence upon grain size.
A relationship of the form £cCG'^/d is thus indi­
cated. If this is so, all data for SZ-1.35-Fe should 
fall on a straight line of slope = 1 when log (O^/d) 
is plotted vs. log (Z). The curve in Figure 29 shows 
this relationship.
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(4 ) Estimation of Errors ^
In the following the probable errors in the experi­
mental measurements are considered and used in the deter­
mination of the probable errors in the calculated values 
of stress, strain, strain rate, activation energy, strese 
factor (n), and structure factor exponent. The calculated 
probable errors are then compared, where possible, to the 
standard deviations obtained in the statistical analysis 
of the results (i.e. for AH).
(a) Stress ( CT^ )
The maximum tensile stress on the outer fibers of 
the creep specimen is given by Equation (24), viz,
rr - 3Fa 
from which it follows,
It is estimated that the probable errors in 
measuring the load F, and the specimen dimensions a,
The actual error in stress is undoubtedly considerably
larger, due to the uncertainty in the validity of Equation
(24) for stress in systems involving plastic deformation.
The 2,5$ is a measurement in precision and i3 assume! reasonable
(b) Strain (£)
Strain is related to the deflection (6) using the 
simplified equation.
and w are in each case -0.5%, which gives d O|/orts2.^.
-93a-
I
£ = 4h6, 
from which it follows that, 
d£ = dh + d6
IT h TT
It is estimated that the probable error in determining 6 
is tr.5/b, so that the probable error in strain determina­
tion is 1,0/i,
O
(c) Strain hate (C)
Strain rated are calculated from the slopes of the 
£ vs t curves (e.g. figure 14). The measurement of time 
is essentially exact and all of the uncertainty is in the 
determination of €. Ihus 
e=ac/at ,
and
d € / £  = 2d€/&€ •
The probable error is thus very sensitive to the strain 
increment used in th« determination of £  , which varied 
from 0.03 x 10"^ in/in to 0.4 x 10"^ in/in depending on ' 
the temperature. Since d£ ** 1.0#£ (Section b), the 
probable error in the strain rate determination varied 
approximately from ?..* (high temperatures) to 30# (low 
temperatures), with the mean probable error at approxi­
mately 15#. It is noted that the actual error in deter­
mining strain (due to the measurement of 6) is probably 
better than the 1# indicated, for there is a continuous
-93b-
trace to follow. The author believes the trace of the 
strain-time curve can be interpolated to obtain a 
deflection accuracy greater than that assumed.
(d) Activation Energy (AH)
The activation energy is determined by the Dorn
technique using the equation
, u . R l n  (€1/ 6 2 ) .
AH CVT2 -17Ti J
from which it follows that
djdH) , 2d€ 1 ^  + 2dT .
where - T2-Ti , and (T + AT)/(TAT)~1/AI.
The probable error in A H  Is thus very sensitive to the
error in temperature measurement and in particular to
the temperature interval AT. For most creep runs
AT*-40°C and In ( £ j/£ 2 )'v 2 . 0  (See Figure 15), which
gives a probable error ofil2% for A H  (pracisios in T la taken as
l2°C). The standard deviation based on a statistical
analysis of the activation energy results varied from
approximately t 2 % to t l % (See Table V), so that the
temperature measurement was probably somewhat better than
t2°C(assuming all errors are random). A probable error
of t l % or less is also consistent with the standard
deviation for the activation energies obtained from the
Arrhenius treatment of the rate data shown in Figure 18.
-93c-
Thus the standard deviation of 110,000 calories/mole 
seems to represent a reasonable estimate for the error 
in activation energy.
(e) Stress Factor (n)
The values of n were determined from the plots of
o
log £ 0 qq4 vs log O' for various temperatures. Thus
4  In €
n = A In &  *
from which it follows that,
dn _ 2d! . 1 + 2dOr. 1
*tt " ‘z n r j  - y -  s t k c t
From Figure 20 the mean values for Ain ! and A  In O' 
are respectively approximately 3 and 1, so that the 
mean probable error dn/n~15#. The n values over the 
grain size range 0.45 urn to 2.04 >um determined from the 
best fit lines varied from 3.1 to 3*3 and this variation 
(which may be due to grain size dependency of n) is 
within the limits of experimental error, and thus cannot 
be considered significant.
(f) Structure Factor Exponent
The dependency of strain rate on grain size is 
given by the following general equation,
O of
€  * kd*
and of is thus the slope of the plot of In £ 0.004 vt 
In d, i.e.,
A  In €
* “ gTh~<r ’
-93d-
from which,
doC _ 2d€ . 1 A 2dd. 1_  ^  + _  a-IH -d .
The grain sizes were determined using the intercept
method on electron micrographs, for which the probable
error was estimated at tb#. The mean values for A i n !  
and Ain d were respectively 1.6 and 1.6 (See Figure 27), 
which gives d o ' v *  15#. The values obtained for the 
structure factor exponent from the best fit curves for 
the various temperatures were all within tlO# of unity 
which is good agreement with the estimated probable 
error of tl5#.
In summary, the estimated probable errors in the 
values calculated for the stress factor (n) and the 
structure factor exponent are +15#. The estimated 
probable error in the activation energy values is 
approximately tl2#, however, the mean standard deviation 
is approximately ±7#(ll0 kcal/mole), which indicates that 
the temperature determinations were more precise than ±2^C.
-93e-
V DISCUSSION OF RESULTS
The investigation of creep in SrZrO^ consisted 
of examining the effects on creep rate of the creep 
variables: temperature, stress and grain size, fox
two levels of iron (FegOg) additions. The samples 
with the higher Fe^O^ content (1.35 wt. %, designated 
SZ-1.35-Fe) were dense and homogeneous (99# of theore­
tical density), and provided consistent and meaningful 
data. Consequently, most of the discussion will be 
directed to the creep results and mechanism related 
to this material. The samples with the lower concen­
tration of Fe2C>3 (0.85 wt. %, designated SZ-0.85-Fe) 
diffex'ed in porosity by as much as 10# for different 
grain sizes (firing times).- The creep results for 
these samples showed considerable scatter (see Figure 
19, Table VI), which is evidently related to the high 
porosity, and it was not possible to systematically 
characterize this material.
A. SZ-1.35-Fe
(1) Activation Energy (AH)
The activation energies obtained using the dif-
6 ■>
ferential technique (Dorn) did not vary significantly 
over the temperature range investigated, with the 
mean value at 169 1 10 kcal/mole. Since the difference
in AH, when compared for two temperature ranges, is 
less than the sum of the standard deviations at these 
temperatures (see Table V), it may be assumed that 
the creep mechanism remained relatively unaltered over 
the entire temperature range. The activation energy 
is also relatively insensitive to grain size, 
and the stress level over the ranges these parameters 
were investigated (cf. Figures 18, ‘24, and 25), for the 
variations in slopes for each plot is not considered 
significant (the standard deviation fox creep rate is 
indicated in Figure 18 by the vertical lines).
It is customary to compare the activation energy 
for creep against that reported for diffusion of the 
various ionic species in the ceramic, and if there is 
agreement this is taken as an indication that creep 
is a diffusion controlled process (viscous flow). To 
the author’s knowledge there is no published diffusion 
data for SrZrO^, and therefore the creep mechanism in 
this Investigation must be inferred largely from the 
functional dependence of creep rate upon the vari­
ables of stress and structure factor (grain size).
on
Hensler and Cullen suggested that this functional 
dependence was a more reliable means of indicating 
creep mechanism than activation energy, due to large 
discrepencies in the activation energies reported by
-95-
various authors (for MgO). It is noteworthy that 
Tagai and Z i s n e r 2 8  attempted to associate high acti­
vation energy (160-185 kcal/mole) creep in ceramics 
with nonviscous slip (dislocation) mechanisms, and 
low activation energy (90-130 kcal/mole) creep with 
diffusion mechanisms (viscous). For example, for 
creep in coarse grained alumina, A H  = 185 k c a l / m o l e ^ 4  
when £ oC QT4 (nonviscous creep). Also, C u m m e r o w ^  
states that slip occurs during creep in single crystal 
MgO for which the relatively high value of A H  » 166 
kcal/mole is observed. Thus, simply on the basis of 
the high activation energy of 169 kcal/mole obtained 
in the present investigation, it might be inferred 
that creep in SrZrOg is a nonviscous, dislocation-type 
process.
(2) Effect of Stress (O*)
The dependence of creep rate upon stress for the
O
SZ-1.35-Fe specimens is of the form £ocCFn» where
n ~  3, and varies from the value of 3.1 for the 2.04
pm specimens increasing to 3.3 for the 0.45 pm specimens
(cf Figures 20 and 21). A value of 3 for the stress
factor is generally accepted as evidence that creep is
a nonviscous process, with dislocation climb as the
©
limiting stage17. Viscous creep (i.e. €.°^CT’) or 
deformation results from the stress directed diffusion
-96-
of vacancies, either through the crystal lattice 
(Nabarro-Herring^*7 ) or through grain boundaries 
(Coble®), and is generally accompanied by a change 
in grain size and shape. Although these diffusion 
processes may contribute to plastic or nonviscous 
deformation on • local scale as shown by Gifkins1^-14, 
the unequivocal value of 3 for the stress factor is 
strong evidence that creep occurs by a nonviscous, 
slip process17.
(3) Effect of Grain Size (d)
In the various creep theories that have been
developed, the grain size dependence of the creep
o 0
rate may be one of the following: £ «<. l/d, £°C l/d^,
° o o
or £°C l/d'5. The 1/d dependence of the creep rate
is related to the stress directed volume diffusion of
vacancies as shown by Nabarro and Herring. The l/d^
dependence has been associated with a grain boundary
diffusion mechanism (Coble). Both theories are based
on viscous flow models, where creep rate is directly
proportional to stress. A l/d dependence of creep
o
rate, when coupled with a £.<>C<y3 relationship may be 
considered as further evidence that the deformation 
process is a nonviscous one, based on dislocation 
climb as the controlling stage (Weertman17). Garofalo1^
-97-
in an attempt to account for grain size effects in the 
Weertman model, developed an expression for the creep
o
rate which may be reduced to the form £<Ctf'Vd. 
Gifkins1 ,^ has shown that a l/d dependence may also 
result from diffusion in local areas where stress dur­
ing shear is increased due to protrusions in grain
* O
boundaries. However, in Gifkin’s model a rela­
tionship is required.
For the SZ-1.35-Fe specimens a l/d dependence of 
creep rate is obtained for the range of grain sizes
O
studied. Figure 27 shows that the plot of log £.0.004 
(creep rate normalized to a strain level of 0.004) vs. 
log (d) for a 2000 psi stress level gives a slope of 
(-1) for four different temperatures over the grain 
size range of 0.45 wm to 1.83 urn. Figure 28 shows 
that the plot of log Z/o'3 (i.e. creep rate normalized 
for temperature and stress) vs log (d) for all the 
data obtained over the ranges of temperature (1160°C- 
1275°C), and stress (1000 - 4000 psi) is a straight 
line, for which the slope is clearly (-1). Thus the
O
relationship £ l/d is definitely and conclusively 
established.
The rate dependence upon stress and grain size 
may be summarized in the relationship £oC(£3/d, and
-98-
if this relationship is valid for the creep process 
in SrZrOg, then an all inclusive plot of log (cT^/d) 
vs log (Z) for the data should give a straight line 
for which the slope is (+1). This is indeed the case, 
as shown in Figure 29. The magnitude of the activation
energy, plus the dependence of creep rate upon the
0
stress cubed and the reciprocal of the grain size 
indicates that the creep process in SrZrC^ is most 
probably a nonviscous one involving dislocation move­
ment and climb.
o
(4) Effect of Strain Level (£) upon Strain Rate (C)
The continuous decay of creep rate with creep 
strain was observed in all test samples (SZ-1.35-Fe 
and SZ-0.85-Fe, cf. Figures 15, 16, and 17). This 
phenomenon has also been reported for creep in poly­
crystalline MgO, AI2O3 , and BeO, Tagai and Zisner^S 
proposed that the decrease in creep rate, which is time 
dependent, is due to grain growth during testing. For 
SrZr0 3 # however, no significant grain growth is expected 
at the test temperatures (1160°C-1275°C) because the 
observed growth at the firing temperature was quite 
small (<0.1 pm/hr. at 1600°C). Furthermore, electron 
micrographs of the creep specimens taken before and 
after creep testing show no significant change in grain
-99-
size (see Figures 2, 3* 4, and 5* Appendix A).
Terwilliger et. al.^l conclude that the decay of creep
rate with time for refractory oxides is too great to
be explained in terms of grain growth, and attribute
it to some sort of inherent time-hardening mechanism,
which still remains to be explained. For SrZr0 3  it is 
•*
suggested that the decay phenomenon might be associated 
with the decrease in the number of grains favorably 
oriented for the deformation process. This point is 
discussed in more detail later, when a creep mechanism 
for SrZrC>3 is proposed.
B. SZ-0.85-Fe
The samples of SrZr0 3  with low iron content (0.85 
wt. %  Fe2 C>3 ) contained varying amounts of porosity 
depending upon the firing time (and hence the grain 
size) as shown in Table III. The 0.45 pm and 1.03 pm 
grain size specimens differed in open porosity by nearly 
10%, and both contained about 2 % % closed porosity. Both 
Table VI and Figure 19 show that activation energy for 
these samples varies with temperature, and Figure 22 
shows that the stress effect also varied with temperature. 
The apparent activation energy for these specimens 
decreased from about 215 kcal/mo3e over the temperature 
range 1200°C - 1250°C, to about 115 kcal/mole at 1300°C
- 1 0 0 -
- 1350°C, while the stress factor (n) increased from 
1.9 to 3.4 over the same temperature range. The trans­
ient behavior of the creep parameters and the large 
variation over the temperature intervals (particul­
arly for samples with high pore content) renders any 
attempt to characterize the creep behavior of the 
SZ-0.85-Fe material impractical and of doubtful value.
The 1.83 pm grain size specimens of SZ-0.85-Fe con­
tained 6%  open porosity and only 1J$S closed porosity 
with the result that activation energy was relatively 
independent of temperature (158 t  5 kcal/mole). How­
ever, even for these specimens the stress factor (n) 
varied from 0.55 to 1.88 over the temperature range 
investigated (Figure 23). Furthermore, Figure 26 
shows the relatively large variation of activation 
energy with stress level for this material. Thus even 
though there appeared to be a stabilization in the 
activation energy, the creep rate dependence on stress 
and grain size was not constant, which must be attri­
buted to the porosity factor.
In order to ascertain if densification was occurring 
in the SZ-0.85-Fe specimens during creep testing, the 
density of the samples was measured before and after 
testing. It was found that for the 0.45 pm sample 
creep tested for 5% hours over the temperature range
-1 0 1 -
1300°C -1350°C, the density increased from 85.9$ to 
88.5$ of theoretical, and closed porosity decreased 
from 1.41$ to 0.46$. In another specimen of the same 
grain size, tested for 40 hours over the temperature 
interval 1200°C - 1300°C, density increased from 88.0$
to 89.1$ of theoretical and closed porosity decreased
♦
by 50$ (1.25$ to 0.7$). No change in density was 
observed for the SZ-1.35-Fe specimens, which were all 
approximately 99$ of theoretical. This supports the 
hypothesis that the transient behavior of the creep 
parameters for the SZ-0.85-Fe material is indeed due 
to the high porosity content, and agrees with the 
observation of Zisner and Tagai29 that the effect of 
porosity upon rate is related to some thermally acti­
vated process. Thus the necessity for homogeneous 
specimens of high density for creep investigation is 
evident.
The results shown in Table B-III and B-IV (Appendix 
B) indicate higher creep rates for the dense SZ-1.35-Fe 
material compared to the less dense SZ-0.85-Fe material. 
Terwilliger et. al.^1 have also reported an increase in 
creep rate with increasing Fe2 C>3 content. Furthermore, 
the stress factor ic generally less for the high porosity 
samples than for the denser materials (see Figures 20-23), 
which also suggests a higher creep rate for the higher
-1 0 2 -
density specimens. It is suggested that the lower 
creep rates for the low density material arises from 
the densification process that is operating concur­
rently with the creep deformation, and which counter­
acts the creep extension of the specimen. It is 
clear that as densification is completed, the creep 
rate will increase. Furthermore, the very rapid 
decrease in the activation energy as temperature 
increases for the SZ-0.85-Fe specimens (215 kcal/mole 
to 115 kcal/mole) suggests that on the basis of acti­
vation energy alone, the lower density specimens will 
creep at a relatively higher rate than the higher 
density specimens above 1300°C.
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C. CREEP MECHANISM IN SrZr03
It is suggested that the twinning mechanism, which
has been shown to be operative in SrZr03 at room
temperature^”^  (and which accounts for its unusual
mechanical properties), is also responsible for the
observed creep characteristics of this ceramic. This 
¥
is consistent with the high temperature x-ray diffrac­
tion results of this investigation, which shows that 
the mechanical twinning shear angle for SrZrO^ remains 
nearly constant (0° 34*) from room temperature to 
1300°C. Hayden et. al.^ also reported that twinning 
is generally less temperature dependent upon the 
stresses (and structure) propagating the mechanical 
deformation than is slip.
Mechanical twinning is generally defined as homo­
geneous shear in which all the atoms in the displaced 
region are moved through distances proportional to 
their distance from the mirror or twin plane. One 
difficulty with this concept is proposing a mechanism 
to account for the homogeneous and proportional move­
ment of the atoms through the successive lattice planes, 
in contrast to slip which only requires movement on 
a single plane. In an attempt to solve this problem 
Cottrell and Bilby proposed a dislocation mechanism 
for mechanical twinning. In twinning the following
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points must be considered: firstly, it is highly
unlikely that all atoms involved in twinning should 
move simultaneously, and secondly, twinning occurs 
at stresses far below the theoretical shear strength 
of a perfect lattice. Also, in contrast to simple 
slip, twinning produces a new atomic configuration 
and the dislocations causing it must be imperfect 
(the translation vector is not a period of the 
lattice). Now, homogeneous shear in twinning will 
require either an avalanche of dislocations, with one 
on every successive lattice plane without exception, 
or the more likely alternative of a single dislocation 
which moves successively from one plane to the next in 
a regular manner. The pole mechanism proposed by 
Cottrell and Bilby is based upon the latter concept, 
and is now generally accepted as a realistic model for 
dislocation movement during twinning.
THE POLE MECHANISM 
Frank and Read^ 6  proposed the well known slip 
mechanism by which an unlimited amount of slip is pro­
duced by a single dislocation moving in a single slip 
plane. The dislocation process for twinning described 
by Cottrell and Bilby can be viewed in a similar way. 
Figure 30 shows three dislocation lines S^, S2 and S3  
meeting at a node point 0. The convention for defining
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the Burgers vectors of dislocations at a node is to 
look outwards from the nodal point 0 , and describe a 
closed clockwise circuit around each line. The same 
circuit repeated in the lattice as it existed before 
the dislocation was imposed will not be closed, and 
the displacement necessary to close the circuit is 
the Burgers vector. The Burgers vectors, b^, b2 and 
bg of the lines meeting at 0 must satisfy the relation
2  bn = 0 (33)
n=l
In the Frank-Read mechanism, S3 is specified as a 
perfect dislocation (one whose Burgers vector is 
equivalant to the lattice parameter), and as the dis­
location moves along its slip plane atoms are left 
behind in the positions originally occupied. For the
. 1 1
Frank-Read source Si and S2 (shown as Si and S2 in
Figure 30) are assumed to be rendered immobile when 
their intersection forms a dislocation line (the pole 
dislocation), and when they are perpendicular to the 
plane AOB in which S3 lies. The part of the S^ dislo­
cation line that intersects the obstacle halts'while 
the remainder of S3 spirals around the obstacle (nodal
point) forming a dislocation loop (when b3 lies in AOB).
Cottrell and Bilby extended the above mechanism 
to the case where the Burgers vectors of and S2
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#Figure 30
t
+
S3
Three dislocation lines S^, S2 and Sg meeting 
at a node, 0. The dotted lines indicate the 
special case for the Frank-Read mechanism. 
The plane AOB is perpendicular to the page.
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do not lie in a plane parallel to AOB which contains 
the spiraling dislocation line S3 and its Burgers vector 
bg. The mechanism is usually represented as shown in 
Figure 31. Three dislocations S^, S2 # and S3 again 
intersect at 0 , however because S^ and S2 are not perpen­
dicular to the twin plane, their Burgers vectors, b^ and 
b2 » have a vertical component (which did not exist for the 
Frank-Read pole) when projected on a line perpendicular 
to the twin plane. Consequently, the "sweeping" dislo­
cation S3 is displaced by a positive vertical component 
for every complete revolution made around S^, and a 
negative vertical component for each revolution made 
around S2 . The components of b^ and b2 perpendicular 
to the twin plane must be equal and opposite in sign, 
say +y for a complete revolution around S^, and -y for 
a revolution around S2 because Equation (33) is obeyed 
and the component of b3 = 0. Weertman and Weertman illus­
trate the pole mechanism as shown in Figure 32. A twin 
results as the partial dislocation crosses a pole disloca­
tion (at 0) which possesses a Burgers vector component 
normal to the slip plane of the partial. As it spirals 
around the pole, the partial produces a deformation twin when 
the vertical component is equal to the distance between
-108-
Figure 31
twin
plane
Schematic diagram for 
pole mechanism illustrating growth 
of a mechanical twin.
-109-
partial
dislocation
The “sweeping” dislocation intersects 
the pole (where two dislocations 
intersect, forming an immobile node).
partial
dislocation
A twin is generated 
on successive lattice planes.
Figure 32
atomic planes. Under these conditions the sweeping 
dislocation produces a monolayer of twinned crystal 
for each revolution that it makes, and climbs one 
lattice spacing where the process is repeated to 
build a lamella of twinned crystal. The resulting 
shear deformation is homogeneous as observed for 
twinning.
The possibility of plastic deformation occurring 
in ceramics by a twinning mechanism has also been 
suggested by Kronberg^®*^, to account for deformation 
in sapphire. The deformation structure observed was 
found to be more consistent with a partial dislocation 
twinning mechanism than with conventional slip. Also, 
Williams^® has suggested that creep in polycrystalline 
alumina may be a deformation twinning process.
Investigators have found that in general mechanical 
twins do not go through the whole of the specimen, but 
stop at obstacles such as boundaries or twins of another 
system. They have a lenticular shape whose boundaries 
must be analyzed in terms of dislocation loops20»67,71# 
The twins observed in single crystal SrZrO^ were of 
this shape^^*4 2,44j indicating the above theory may be 
compatable with observations made on this perovskite- 
type material. Once twins have formed, they may propa­
gate outward from the pole area in various ways.
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Basinski and Christian7^ suggested that a specimen 
consisting of a series of fine parallel twin lamella 
may be continuously deformed by movement of existing 
twin boundaries. These boundaries, if sufficiently 
mobile, will move perpendicular to themselves, increas­
ing or decreasing the proportion of the twinned orien-
m
tation appropriate to the sign of the stress. The 
maximum strain possible will depend on the orientation 
of the stress axis and the relative amount of twinned 
crystal initially present. Hayden et. al.^ suggested 
that the deformation that must accompany twinning 
causes slip and bending in the regions surrounding 
grains of a polycrystalline material, and causes twinn­
ing in neighboring grains. Thus once twinning has 
started, it can propagate through favorably oriented 
grains throughout the specimen.
Terwilliger et. al.®^ found that the addition of 
Fe+® to polycrystalline MgO promoted viscous behavior, 
i.e., the stress factor (n) decreased as the Fe+® 
concentration was increased. This behavior was attri­
buted to the blocking of dislocation motion by the 
iron atoms, with the result that diffusion becomes the 
more significant mechanism for deformation through mass 
transfer. However, it is suggested that the plastic 
deformation in SrZrOg is related to mechanical twinning.
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It has been shown that small additions of £2^ ) 3 do not 
affect the mechanical behavior of SrZrOg at room 
temperature4*"4**. X-ray studies in this investigation 
showed that an addition of 1.35 wt. %  Fe2 0 3 produced 
no measurable shift for the SrZrOg slow scanned pattern 
(0.25 °/min.), even at high angles (up to 150°). Mori?3 
noted that many alkaline earth perovskites form com­
pounds over wide ranges with the transition metals where 
the structure is not disturbed. In these compounds 
(e.g. ferrates) iron is probably highly oxidized (to 
the Fe+ 4  state), in which case it is likely to occupy 
the octahedral position in the lattice. Evidence 
indicates that the perovskite structure is retained 
with small additions of iron and the twinning mechanism 
in SrZrC>3 is not disturbed.
As indicated earlier, a continuing decrease in 
creep rate is observed in all samples of SrZrO^ as the 
strain level increases. These results may well be 
consistent with the proposed twinning mechanism. As 
creep proceeds there will be fewer grains properly 
oriented to the shear stress, so that fewer grains will 
be contributing to the deformation. Also the dislocation 
mechanism for twinning suggests that work hardening may 
occur as intersecting twins pin one another making pro­
pagation more difficult. Work hardening during twinning
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has been reported by Yakovleva and Yakutovitch^ for 
cadmium crystals. They observed that when the size 
difference in adjacent volumes increased the domains 
interacted to oppose extension. Either of the above 
mechanisms would require increasingly higher stresses 
to cause mechanical twinning to continue at a constant 
rate. Conversely, for a constant stress, creep rate 
would continuously decrease as creep testing continued 
and strain increases (which is in fact observed).
In conclusion, if the pole mechanism described 
above is operative in the mechanical twinning of SrZrC^, 
the observed functional relationship CncCT^/d is con­
sistent with the dislocation climb mechanism proposed 
by VVeertman and modified by Garofaio to take account 
of grain size effects. In agreement with Weertman’s 
theory, Friedel"^ noted that mechanical twinning results 
in the formation of voids and is subject to dis­
location climb.
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VI CONCLUSIONS
From, the results of this investigation of the 
creep behavior of SrZrO^ the following conclusions 
are presented:
1) The orthorhombic structure and the twinning 
shear angle (0° 34') of SrZr0 3  is invarient over 
the temperature range 25°C to 1300°C.
2) Fe2 0 3  additions to SrZrOg accelerate sintering 
and enhance densification. Powder compacts con­
taining 1.35 wt. % Fe2 0 3  sintered to approximately 
99% of theoretical density, while compacts contain­
ing 0.85 wt. % Fe203 showed considerable porosity 
(as low as 88% of theoretical density).
3) The creep results for dense SrZrO^ (containing 
1.35 wt. % Fe203) gave invarient creep parameters 
over the ranges of the variables investigated. No 
constant creep parameters were obtained for the 
specimens containing 0.85 wt. % Fe2C>3 f which is 
attributed to the porosity.
4) Creep in dense SrZrO^ is a thermally activated 
process and is exponentially related to temperature 
by exp (-&H/RT). The activation energy is 169*10 
kca1/mole and is relatively invarient with temperature 
over the range 1200°C - 1300°C.
5) The effect of stress on creep rate in dense
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SrZr03 is essentially constant with temperature 
(1160°C-1275°C) and ia described by the relation 
where n varies from 3.110.4 to 3.310.4 
over the grain size range 0.45 urn to 2.04 jum 
respectively.
6) The effect of grain size on creep rate in dense 
SrZrC>3 is essentially constant with temperature
(1160°C-1275°C) and stress (1000-4000 psi), and is
t <
described by the relation £ < d  • whereCC*-1.0l0.1.
7) The function dependence C«CCf3/d is consis­
tent with the nonviscous dislocation climb mechanism 
proposed by Weertman and modified by Garofalo to 
account for the effect of grain size.
8) Deformation in SrZr03 occurs by a twinning 
mechanism which may be described by the dislocation 
pole mechanism proposed by Cottrell and Bilby.
9) The creep rate decreases with strain (or time), 
indicating the presence of an inherent time-hardening 
mechanism as observed in the creep tasting of other 
refractory oxides. The mechanism is probably one
of work hardening accompanying the intersection of 
twins coupled with the decrease in the number of 
grains favorably oriented to the shear stress for 
twinning.
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VII RECOMMENDATIONS FOR FURTHER STUDY
Much of the fundemental information which is of 
engineering significance is yet to be determined for 
ceramics of the perovskite-type family. As shown in 
this investigation the creep behavior is strongly 
dependent on density and grain size, so that a study 
of the sintering kinetics would provide valuable 
information relating to the optimum conditions and 
iron additions for maximizing the density and hence 
the creep resistance of SrZr03. The grain size and 
density will undoubtedly determine the room temper­
ature "ductility" of SrZr03 as well, and an understand­
ing of the effect of these parameters on the yield 
will be useful in controlling non-brittle fracture.
A determination of the diffusion constants for the 
various ionic species, both for volume and grain 
boundary diffusion, is necessary if the creep process 
is to be unequivocally defined and thus permit maximum 
control or utilization of the deformation mechanisms.
SrZrOg is similar in structure to several piezo­
electric and ferroelectric materials now in use. This 
group generally exhibits electrical aging which is 
probably related to some form of internal deformation 
or relaxation, so that an investigation of electrical
-117-
polarizability of SrZrC>3 may shed light on the defor­
mation mechanisms.
Optical and Laue x-ray studies of single crystal 
SrZrOg would be useful to determine symmetry elements 
and identify the twin planes. A determination of the 
crystallographic directions in which the crystals are 
susceptible to deformation by mechanical stress and 
electric field would lead to a better understanding of 
the yielding process in the perovskite-type ceramics. 
The production of a high temperature ceramic which 
exhibits non-brittle behavior with a predictable yield 
at low temperatures, and retains high resistance to 
creep at elevated temperatures, would be an invaluable 
contribution to the materials field.
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#APPENDIX A
Electron Micrographs 
of
SZ-1.35-Fe
and
SZ-0.85-Fe
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Before
Testing
Before
Testing
Figure A-i
SZ-1.35-Fe
0.45 Mm grain size
-1 2 0 -
Before
Testing
After
Testing
SEM
Figure A-2
SZ-1.35-Fe
1.06 um grain size
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Before
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After
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SEM
Figure A-3
SZ-1.35-Fe
2.04 urn grain size
-1 2 2 -
Before
Testing
Figure A-4
SZ-0.85-Fe
0.45 jjm grain size
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Before
Testing
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After
Testing
SEM
Figure A-5
SZ-O.85-Fe
1.03 pm grain size
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After
Testing
After
Testing
SEM
Figure A-6
SZ-O.85-Fe
83 pm grain size
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APPENDIX B
Creep Rate Data 
for 
SZ-1.35-Fe 
and 
SZ-O.85-Fe
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TABLE B-III
o
Normalized Creep Rate ( € 0 .0 0 4 ) 
for SZ-1.35-Fe
Grain Size 
of Sample
Temperature
°C
0.004
hr-1
0.45pm
1.06pm
2.04pm
1160
1200
1250
1275
1160
1200
1250
1275
1160
1200
1250
1275
4.453 x 
2.006 x 
1.263 x 
3.936 x
1.704 x 
8.960 x 
5.137 x 
1.685 x
8.807 x 
4.775 x 
3.103 x 
8.448 x
* The number in the ( ) indicates the number of 
determinations which were averaged to obtain 
the value of to.004 shown.
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«*
TABLE B-IV
o
Normalized Creep Rate ( € 0 ,0 0 4 ) 
For SZ-0.85— Fe
Grain Size Temperature 0.004
of Sample °C hr-1
0.45pm 1200 2.084 x IO**?
1250 2.964 x 10“*
1300 1.373 x 10"3
1350 4.795 x 10"3
1.03pm 1200 8.929 x 10“5
'  ">‘3 
1300 3.704 x IO"3
1250 6.849 x 10“*
x IO’3
1350 1.424 x IO"2
1.83pm 1200 4.100 x 10"? (2
1250 2.463 x 10’J (5,
1300 1.235 x IO"3 (5(
1350 5.469 x 10-3 ^
* The number in the ( ) indicates the number of
determinations which were averaged to obtain 
the value for §0.004 shown.
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